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A METHOD FOR MODULATING FLATB AND 
VOLTAGE OF DEVICES HAVING HIGH-K GATE 
DIELECTRICS BY POST-DEPOSITION 
ANNEALING 

FIELD OF THE INVENTION 

[01] The present invention relates to the field of semiconductor processing, and more 
particularly, to the formation of semiconductor devices high-k gate dielectrics. 

BACKGROUND OF THE INVENTION 

[02] Over the last few decades, the electronics industry has undergone a revolution by various 
efforts to decrease the size of device elements formed in integrated circuits (ICs), and such efforts 
have contributed to increasing the density of circuit elements and device performance. A large 
variety of semiconductor devices have been manufactured having various applications in 
numerous disciplines. 

[03] Currently, the most common and important semiconductor technology presently used is 
silicon-based, and the most preferred silicon-based semiconductor device is a MOS (metal oxide 
semiconductor) transistor. The principal elements of a typical MOS transistor generally comprise 
a semiconductor substrate on which a gate oxide is provided. A gate electrode is formed on the 
gate oxide and is typically a heavily doped conductor to which an input signal is typically applied 
via a gate terminal. Heavily doped active regions, e.g., source/drain regions, are formed in the 
semiconductor substrate and are connected to source/drain terminals. A channel region is formed 
in the semiconductor substrate beneath the gate electrode and separates the source/drain regions. 
The separation of the gate electrode from the semiconductor substrate by the dielectric layer, e.g., 
the oxide layer, prevents current from flowing between the gate electrode and the source/drain 
regions or channel regions. 

[04] As the dimensions of the MOS devices are further scaled down to submicron and 
nanometer dimensions, the thickness of the gate oxide is also scaled down accordingly. However, 
such excessively reduced thickness of the gate oxide causes charge carrier leakage by tunneling 
effect, thereby leading to faster degradation of the MOS transistor. 

[05] To solve this concern, high-k (dielectric constant) gate dielectrics, e.g., Zr0 2 , Hf0 2 , In0 2 , 
La0 2 , Ta0 2 , were introduced to replace the silicon oxide for submicron MOS devices. The 
significant amount of positive fixed charge found within high-k films such as Hf0 2 , Zr0 2 and 



their silicates contributes a large negative flatband voltage shift for CMOSFET devices. This 
limits the threshold voltage of CMOSFET devices to a given range, although some form of 
channel implantation may be used to provide a degree of threshold modulation. 
[06] It is desirable to modify the flatband voltage, and thus the threshold voltage, of 
CMOSFET devices employing high-k dielectric films to provide more desirable threshold 
voltages for such devices. This would allow optimization of the threshold voltages for 
PMOSFET devices and NMOSFET devices respectively. For example, it is more desirable for 
the PMOSFET devices to have a higher flatband voltage than NMOSFET devices. (Threshold 
voltage is directly related to the flatband voltage). 

SUMMARY OF THE INVENTION 

[07] The present invention satisfies the need for a method of modulating the flatband voltage 
of a high-k dielectric material that has been deposited on a silicon substrate. This is achieved, in 
certain embodiments, by control of a post-annealing process using a single annealing gas or 
combination of annealing gases. The effect of the post-deposition annealing conditions on the 
electrical properties of the high-k dielectrics allows the flatband voltage and thus the threshold 
voltage of MOSFET devices to be modulated in a controlled manner. 

[08] The foregoing and other features, aspects and advantages of the present invention will 
become more apparent from the following detailed description of the present invention when 
taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[09] Figure 1 is a cross-section of a portion of a semiconductor chip constructed in accordance 
with embodiments of the present invention during one phase of manufacture. 
[10] Figure 2 is a depiction of the semiconductor chip during a post-deposition annealing 
process in accordance with methods of the present invention. 

[11] Figure 3 shows the structure of Figure 2 during an annealing process during which only a 
portion of the high-k dielectric film is exposed to the annealing gas, in accordance with methods 
of the present invention. 

[12] Figure 4 depicts exemplary data plotted in a capacitance-voltage curve for wafers 
annealed under different annealing conditions. 

[13] Figure 5 is a flatband voltage diagram for the wafers annealed in accordance to different 
annealing conditions. 
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DETAILED DESCRIPTION 

[14] The present invention addresses and solves problems related to the formation of high-k 
dielectric films and a significant amount of positive fixed charge within such films that 
contributes to a very large negative flatband voltage shift for CMOSFET devices. In particular, 
the present invention achieves this improvement in such high-k dielectric films by post-deposition 
annealing under certain conditions that allows for modulation of the flatband voltage, and thus the 
threshold voltage, of CMOSFET devices in the large range of 0 to 700 mV. By controlling the 
post-annealing conditions, such as number of anneals, annealing gases, annealing temperatures 
and annealing times, the flatband voltage and thus, the threshold voltage, of the CMOS devices is 
controllable. 

[15] In the following description, a high-k dielectric film is defined as a film made of a 
dielectric material that has a value of k (dielectric constant) greater than 8. A number of different 
high-k dielectric films have been investigated for use in semiconductor processing. In the 
following description and examples, the high-k dielectric film that is deposited is Hf-silicate. 
However, the high-k dielectric film may be any appropriate high-k film employed in 
semiconductor processing. 

[16] In Figure 1, a wafer is depicted in cross-section and comprises a substrate 10, made of 
silicon, for example. A high-k dielectric film 12 is deposited, such as by chemical vapor 
deposition (CVD) over the surface of the substrate 10. The high-k dielectric film 12 is formed to 
any desired thickness by the use of CVD. A conventional CVD process for depositing high-k 
dielectric film may be employed to deposit the film 12. 

[17] Some of the concerns with high-k dielectric films include contamination of the deposited 
film by carbon, and interface traps that are present in the film. It is desirable to rid the film of 
interface traps and reduce or eliminate the carbon that has been deposited in the high-k dielectric 
film during the deposition of the film. Further, it is desirable to densify the film that has been 
deposited. Also, the deposited film 12 has a given dielectric constant that may not be optimum 
for the MOSFET devices to be formed using the high-k dielectric film 12. Accordingly, the post- 
deposition annealing process, in accordance with embodiments of the present invention, as 
described below, mitigates the above-described concerns and allows for modification of the 
flatband voltage and thus the threshold voltage of the semiconductor devices. 
[18] Figure 2 schematically depicts a wafer that has been placed within an annealing chamber 
14. Separate sources of annealing gases 15, 17, 19 and 21, for example, are supplied to the 
interior of the chamber 14. Temperature is shown as a control input to control the temperature 
within the chamber 14. Another annealing parameter that is controlled is the annealing time, 
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although not depicted in Figure 2. Controller 23 may be employed to provide either automatic or 
manual control of the annealing process. This control includes, as will be described in more detail 
below, control of the annealing gases, the annealing temperature, and annealing times for the post- 
deposition anneal of the high-k dielectric film 12. 

[19] In accordance with methods of the present invention, the flatband voltage of the 
semiconductor devices on the wafer are controlled by modifying the post-deposition annealing 
processing through controlling certain annealing parameters. In certain preferred embodiments of 
the invention, the annealing includes one or more of the following annealing gases: 0 2 , N 2 , H 2 , 
NH 3 . One or more anneals, each anneal employing a different gas, will modulate the flatband 
voltage achieved. These gases are exemplary only, as other gases may be employed. For 
example, Ar may be employed instead of N 2 . And N 2 0 or NO can be employed. 
[20] An NH 3 anneal provides H 2 into the high-k dielectric film 12 to rid the film 12 of 
interface traps, which is charge that is not neutralized. Thus, the NH 3 annealing improves the 
quality of the high-k dielectric film. Similarly, an anneal with 0 2 helps to rid the dielectric film 
12 of carbon that was formed in the dielectric film during the deposition by CVD. The H 2 
annealing is somewhat similar to the NH 3 annealing, and is typically used as a forming gas anneal 
to improve a film electrically. The N 2 annealing is performed at higher temperatures and 
produces a much higher flatband voltage, which is variable for P-channel devices. 
[21] Any number of combinations of annealing parameters may be employed to fine-tune the 
modulation of the flatband voltage of the devices formed on the wafer. The chart below describes 
the process employed in 25 separate wafers. Wafers 1-4 represent conventional dielectric 
material silicon dioxide (Si0 2 ) which is not subject to any annealing. Wafer 5 is a high-k 
dielectric material, Hf-silicate, which is not subject to any post-deposition annealing. Wafers 6- 
25 all represent high-k dielectric material, Hf-silicate, subjected to different annealing processes. 
Wafer 6, for example, describes three separate annealing steps. The first annealing step on the 
Hf-silicate is an 0 2 annealing performed at 700°C for 30 seconds. This is followed by an 
annealing in N 2 at 950°C for 30 seconds. Finally, the dielectric film 12 is subjected to annealing 
in H 2 at 450°C for 60 seconds. Wafers 7-25 are subjected to annealing conditions as detailed in 
the below chart. 



Wafer 1 


12A Si0 2 No further annealing 


Wafer 2 


12A Si0 2 No further annealing 


Wafer 3 


17A Si0 2 No further annealing 


Wafer 4 


17A Si0 2 No further annealing 
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Wafer 22 


02 -700°C -10s/NH3 -700°C -30s/N2 -950°C -30s/H2 -450°C -60s 


Wafer 23 


NH3 -600°C -30s/O2 -700°C -30s 


Wafer 24 


NH3 -600°C -30s/O2 -700°C -10s 


Wafer 25 


02 -700°C -30s/NH3 -700°C -30s/N2 -950°C -30s/H2 -450°C -60s 



[22] Figure 4 shows measurements of the capacitance (y-axis) versus voltage (x-axis) for each 
of the 25 wafers listed in the above chart. From the capacitance-voltage chart of Figure 4, a 
flatband voltage diagram may be extracted to produce the diagram of Figure 5. The flatband 
voltage is thus plotted for each of the 25 wafers in the above chart. 

[23] An examination of Figure 5 reveals that modification of the annealing parameters, 
including annealing gases, temperature and time, allows the capability to provide a wide range of 
modulation of the flatband voltage. All of the voltages are increased in comparison to the high-k 
dielectric wafer 5 in which no deposition annealing is performed post-deposition of the film 12. 
Further, it should be recognized that a modulation range of 0.7 volts is achieved through control 
of the annealing parameters. 

[24] A number of the wafers have flatband voltage values greater than -0.4. These include 
wafers 6, 7, 12, 14-16, 19-20, 22 and 25. All of these wafers are characterized by annealing 
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processes that include at least one annealing in N 2 gas. This annealing performed at high 
temperatures, such as 950°C, modulates the flatband voltage to a higher level than if the N 2 
annealing was not performed. Hence, these wafers that have been subjected to an N 2 annealing 
are more suitable for use in P-channel applications, while those wafers whose flatband voltage has 
been modulated to a lower level are more suitable for N-channel devices. 

[25] The ability to tailor the flatband voltage as depicted in Figure 5 leads to a process by 
which only certain devices in a CMOS arrangement are exposed to the N 2 annealing step. This 
may be taken advantage of, as depicted in Figure 3, by forming a mask 16 on the high-k dielectric 
film so as to expose the high-k dielectric film 12 in areas in which the P-channel devices will be 
formed. This area is designated by reference numeral 18. The high-k dielectric film 12 for N- 
channel devices 20 is masked off by the mask 16, while the film 12 for the P-channel devices 18 
is exposed. (Only the chamber 14 is shown in Figure 3, for illustration purposes.) 
[26] Hence, the entire high-k dielectric film 12 may be exposed to the NH 3 , 0 2 , and H 2 
anneals, but the mask 16 is provided to mask off the high dielectric film 12 for the N-channel 
devices 20, while exposing the film 12 for the P-channel devices 18 to annealing with N 2 . This 
provides an optimization of the flatband voltage by modulation of the characteristics of a high-k 
dielectric film 12 in accordance with the parameters achieved and depicted in Figure 5. 
[27] The present invention thus provides methodology for modulating the flatband voltage, 
and thus the threshold voltage, of MOSFET devices in a production-worthy method. The high-k 
dielectric films are improved by the post-deposition annealing in accordance with the methods of 
the present invention. 

[28] Although the present invention has been described and illustrated in detail, it is to be 
clearly understood that the same is by way of illustration and example only and is not to be taken 
by way of limitation, the scope of the present invention being limited only by the terms of the 
appended claims. 



